Many myodocopid ostracods are unusual in that they have well-developed compound eyes yet must view their environment through a shell. The cypridinid Macrocypridina castanea is relatively large among ostracods (about 5-10 mm) and is a pelagic predator. This species possess highly pigmented shells with a transparent region lying just above the eye. Here we examine the ultrastructure and transparency of this window using electron microscopy, serial-block face scanning electron microscopy and X-ray diffraction analysis and optical modelling. An internal, laminar stack was identified within the window region of the shell that formed a more regular half-wave reflector than in non-window regions, and where the distance between molecules in the chitin-protein fibrils decreases as compared to the non-window area. This results in excellent transmission propertiesat around 99% transmission-for wavelengths between 350 and 630 nm due to its half-wave reflector organization. Therefore, blue light, common in the mid and deep sea, where this species inhabits, would be near-optimally transmitted as a consequence of the sub-micrometre structuring of the shell, thus optimizing the ostracod's vision. Further, pore canals were identified in the shell that may
Introduction
Ostracods are generally small (usually less than 5 mm) crustaceans with a shrimp-like body that is totally enclosed within a bivalved carapace or shell. Within the myodocopan ostracod suborder Myodocopina, many species possess a well-developed pair of compound eyes in addition to naupliar eyes, which occupy up to a quarter of the body size in some species (e.g. Lowrya (Cypridinidae) males; [1] ). In fact, vision has played an important role in the evolution of at least the family Cypridinidae, over a period of around 350 Myr, during which bioluminescence and iridescence have provided significant behavioural functions [2, 3] . However, these ostracods face a challenge not common to animals and not previously considered in the literature-they must see through their shells.
The cypridinid genus Macrocypridina represents ostracods that are unusual for their size and lifestyle-they are large (about 5-10 mm long), pelagic and active predators. Also, species of this genus tend to possess highly pigmented, dark brown or red shells, probably to reduce detection by larger, visually guided predators in an environment where red/brown light is rare. While examining specimens from this genus, gaps in the pigmentation of the shells became evident, where approximately round, clear 'windows' were formed in the positions covering the line of sight of the eyes; these windows are the subject of this study.
In clear ocean water, blue light is attenuated by a factor of 10 for every 70 m, and other wavelengths more strongly [4] . Thus, at a depth of 700 m, at which Macrocypridina is commonly encountered, the intensity of penetrating sunlight is about 1000 times lower than at the surfacethe absolute threshold for human vision [5] -and the sunlight is exclusively blue (narrowing from blue-green at shallower depths) [6] . Yet vision remains a major sense for many animals at these depths. In addition to this sunlight, many deep-sea animals produce bioluminescence, also commonly blue [7] . Macrocypridina detect their prey, at least in part, by their bioluminescent emissions [5, 7] , but certainly their eyes must be particularly adapted to detecting the blue region of the spectrum.
More is known about how camera-type eyes achieve increased sensitivity than for compound eyes. Most deep-water arthropods have superposition compound eyes, based on lenses in the euphausiids and mirrors in the decapod shrimps [8] . However, a few deep-sea arthropods (some isopods, hyperiid amphipods and ostracods) have retained apposition compound eyes and, according to Land & Nilsson [5] , 'it is interesting to determine how this type of eye has been "stretched" to deal with very dim conditions'. Further, myodocopid ostracods are unusual in that their compound eyes must see through an additional part of their body-their shell. Transparency of the shell where it overlies the eyes of Macrocypridina would certainly aid their vision. The aim of this study, therefore, was to examine the theoretical optical properties of the windows in the Macrocypridina shell. One half of a shell was examined in a JEOL 1010 transmission electron microscope (TEM). Transverse sections of the shell for the TEM were cut at 100 nm thick and stained with uranyl acetate and lead citrate. Both the window and the non-window regions of the shell were examined.
Since transparency of the chitinous material of the shell may have been affected by its preservation in 70% ethanol, transmission values of the window region were obtained using optical simulations. The windows of the ostracod shells were found to be effectively laminate (see Results), and layer thicknesses were measured from high magnification transmission electron micrographs. In crustaceans, cuticle layers involve chitin and water (refractive index 1.56 and 1.33, respectively; e.g. [9] ). The thicknesses and refractive indices (r.i.) of each layer were used to model the reflective properties of the shells using the software 'Tracepro'. Wavelengths used were from 350 nm to 950 nm at 25 nm steps; the r.i. values were fixed for all wavelengths (at 1.56 and 1.33). Light was theoretically shone on the surface of the windows at normal incidence and the transmission was calculated (we considered zero absorption and so reflectance is 1 minus transmission).
Serial-block face scanning electron microscopy (SBF-SEM) examination of the shell was also conducted. Here, whole ostracods and shells were fixed in 2.5% glutaraldehyde/2% paraformaldehyde in 100 mM cacodylate buffer pH 7.2 at room temperature (RT) for 12 h. To enhance the backscatter electron signal to improve imaging of ostracods for SBF-SEM, a modification of the new method developed recently [10] was used. After osmium/ferricyanide as above, specimens were immersed in tannic acid for 2 h, followed by 1% (vol/vol) osmium tetroxide, then 1% (wt/vol) aqueous uranyl acetate for 1 h, each with appropriate washes. These samples were embedded after ethanol dehydration in TAAB low viscosity resin.
Further, wide-angle X-ray diffraction was conducted at Diamond Light Source on station I02. We performed a surface scan of one half of an M. castanea shell. The scan was taken in 300 µm steps, with a 10 s exposure time. When an X-ray beam travels through the sample, some electrons are deflected by the highly ordered crystal lattice-like structures. From the recorded pattern, using Bragg's equation, we were able to calculate chitin molecular distances.
Results
The transmission electron micrographs of the cross-section of the window of the M. castanea shell revealed that in this window region, the innermost two-thirds are finely laminate, appearing as alternating bands of light, and dark (electron dense), material (figure 2a). The outermost third appeared very different, containing random, cell-shaped units that are close-packed and (e.g. [11] ). These can be considered as discrete layers of two materials, chitin and water, for the purposes of modelling, because one half-turn of the helix formed equates to a single layer in a multilayer stack (e.g. [12] ). The helix in the window region revealed a very regular periodicity and width, whereas in a comparable part of the helix in the non-window region, the helix was more irregularly spaced with a more variable width (figure 3).
The laminate section in the window of M. castanea was modelled in two parts (two stacks) due to a slight change in the average dimensions: proximal and distal, with 36 and 43 layers, respectively (figure 4). The total stack revealed an approximately gradual decrease in layer thickness from proximal to distal, but measurement accuracy down to the nanometre level was deemed insufficient and so averages of two parts of the stack were taken. In the proximal region, the average actual thicknesses of the chitin and water 'layers' were 128 and 150 nm, respectively (chitin is concentrated in the dark areas and diluted in the lighter areas). In the distal region, the average actual thicknesses of the 'chitin' and 'water' layers were 107 and 125 nm, respectively.
(a) Optical simulations
The optical simulations revealed the transmission results shown in table 1 for different wavelengths of light.
From the results of the three-dimensional SBF-SEM, it was evident that there were clear connections between the proximal cellular layer and the surface of the shell, in the form of pore canals ( figure 5 ). These pore canals each took random routes through the shell and were randomly arranged, spaced by an average of around 30 µm. To interpret the results from the X-ray scattering experiments, the diffraction pattern from calcite was used as a calibrant. The pattern from M. castanea revealed several rings from carbon and phosphorus calcites as well as from chitin.
When the whole specimen was scanned (figure 6), the comparison of the intensity profiles of the 10 Å reflection (signature chitin reflection) showed a difference in the general signal intensity (figure 6a), which suggests a difference in the quantities of chitin between window and nonwindow regions of the shell. Additionally, we observed a small change in the intermolecular spacing. The distance between molecules in the chitin-protein fibrils decreases in the window area (figure 6b), which was shown by a small shift in the position of peaks in the intensity profiles.
Discussion
The internal, laminar stack within the window region of the shell of M. castanea is different to that in non-window regions, with a more regular half-wave reflector and where the amount of chitin decreases as compared to the non-window areas. This results in excellent transmission properties-at around 99% transmission-for wavelengths between 350 and 630 nm as a result of its half-wave reflector organization. Therefore, blue light, common in the mid and deep sea, where this species inhabits, would be near-optimally transmitted as a result of the sub-micrometre structuring of the shell.
The distal-most region of the shell's window, which was composed of cellular units, could not be modelled, but its lack of periodicity in any direction would prevent coherent scattering effects. The finely laminar region of the window, however, possesses optical thin layers that reflect wavelengths just over 600 nm (i.e. orange-red) in its most distal section and wavelengths of around 800 nm (infrared) in its most proximal section, and wavelengths in-between from the optical layers that gradually increase in thickness between them (the nature of a thin-film transmission filter is that wavelengths beyond the transmission region will be strongly reflected). The evidence suggests that the window region is adapted for maximizing the transmission of blue light and therefore enhancing vision in this species.
The wavelength of blue light ranges between about 450 and 495 nm, and different species of small crustaceans, the, probably, prey of M. castanea, produce different bioluminescent emissions within this range [7] . The blue light from sunlight in deep water has a wavelength of around 470 nm [6] , and the shell of M. castanea also appears to have strong transmission properties in its window at this wavelength. Therefore, it appears highly probable that M. castanea is visually adapted to its specific environment, through the possession of transparent parts of its carapace in regions through which it views its environment; its red/brown pigmented regions offer stealth in the blue-lit environment (with the exception of camouflage to the atypical dragon fish (e.g. [8] ), which possess orange-red bioluminescent 'headlights' and vision).
It should be noted that further structures might be evident if even narrower wavelength steps were used in the modelling, but this would be extremely sensitive to layer thicknesses, which lay beyond the margin of measurement error. In addition, our modelling did not consider the slight variations in the refractive index of the material according to wavelength, and so modelling was slightly imprecise.
Further work should be conducted to take actual transmission measurements of freshly caught specimens of M. castanea (preferably on board a research vessel). It would also be interesting to examine for transparency in the shells of other species of myodocopid ostracods that possess vision, and possibly compare these to those species that lack vision. Preliminary investigations suggest that in presumably more derived species of Cypridinidae, such as species of Cypridina, Skogsbergia and Vargula, the entire shell is transparent and glass-like in appearance.
It is interesting that most antireflection coatings for industrial applications employ an ultrastructure similar to that of M. castanea (e.g. [13] ). Therefore, there could be lessons for the industry in copying the precise transmittance structures of this species.
It is notable that in the freshly caught specimens of Macrocypridina, the carapace appears free from biofilm build-up. The surface of the carapace, at the ultrastructural level, is relatively smooth and lacks any significant ornamentation such as microstructures that might limit microbial growth. However, the carapace contains numerous pore canals that run through the carapace from the epidermal cells to the outer surface. It is possible that the epidermal cells secrete, through this system of pores, chemicals that gather at the outer surface of the carapace which are unfavourable to microbial growth. This could also be the subject of further experimentation.
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